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Cloud nucleating ability of aerosols is fundamental in understanding the aerosol-cloud interactions (ACI) and associated feedback processes, which are complex in nature and pose a major challenge in quantifying the indirect climate forcing of aerosols (Boucher et al., 2013; IPCC 2013) . Cloud Condensation Nuclei (CCN) form a sub-set of atmospheric aerosols (also known as Condensation Nuclei, CN) and take part in cloud processes, accelerate the condensation of water vapour leading 10 to the formation of liquid cloud droplets and modify the microphysical properties of clouds depending on the number size distribution, chemical composition, and mixing state of aerosols (Dusek et al., 2006; Farmer et al., 2015; Zhang et al., 2017) . Several investigators have examined temporal and spatial distribution of the CCN properties and their processing by non-precipitating clouds over both continental and marine environments (Hoppel et al., 1973 , Hudson and Xie, 1999 , 15 Jurányi et al., 2011 , Paramonov et al., 2015 , Schmale et al., 2018 . Significant variability in the CCN activation efficiency has also been reported over regions influenced by urban (Sotiropoulou et al., 2007) and industrial emissions (Asa-Awuku et al., 2011) . Efforts have also been made to infer or predict CCN properties based on aerosol concentration and optical properties (for example, Jefferson, 2010; Liu and Li, 2014) . However, due to the region-specific and heterogeneous nature 20 of the composition of aerosols, their chemical interactions, vertical mixing and advection to long distances, significant uncertainties still persist in characterizing the CCN activation efficiency, especially its region-specific nature and altitude variation in the realistic atmosphere (Zhang et al., 2017) . The information on vertical distribution of the CCN number concentration, CCN efficiency and its variation with supersaturation are some of the vital parameters needed in quantifying the 25 ACIs. In-situ measurements of the vertical distribution of the CCN activity especially over polluted regions are very important in accounting for the ACI in climate models (Li et al., 2016 ).
In the above context, the importance of South Asian region is unequivocal. Aerosol physicochemical properties show large spatio-temporal variation over this region owing to the https://doi.org/10.5194/acp-2019-571 Preprint. Discussion started: 24 July 2019 c Author(s) 2019. CC BY 4.0 License.
diverse source influence, both natural and anthropogenic, which show large seasonality and 5 dependence on large-scale meteorology (Lawrence and Lelieveld, 2010; Babu et al., 2013) . Even within South Asia, the Indo-Gangetic Plains (IGP) fall under those regions in the globe where very high aerosol loading persists almost throughout the year (Di Girolamo et al., 2004 ) and also depict a steady increasing trend in the Aerosol Optical Depth (AOD) (Babu et al., 2013) , increasing surface dimming (Padmakumari et al., 2007; Badrinath et al., 2010) , and enhanced mid 10 tropospheric warming (Satheesh et al., 2008) . Through modelling efforts, Vinoj et al., (2014) have shown possible linkages of West Asian dust loading over the Arabian Sea with the Indian summer monsoon (ISM). The competing roles of natural (mostly mineral dust and marine aerosols) and anthropogenic aerosols over this region and their high seasonality, aided by the large-scale industrial and agricultural activities in this region and its particular orography makes the IGP one 15 of the best natural laboratory for investigating the complex aerosol impacts .
Despite these, characterisation of the vertical structure and the spatial variability of the CCN characteristics across the IGP remains quite limited, except for some recent efforts using instrumented aircraft during the summer monsoon season under the Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) (Padmakumari et al., 2017, Konwar et al., 20 2014, Prabha et al., 2012) . A few ground-based measurements also exist scattered across the subcontinent (Bhattu and Tripathy, 2014; Gogoi et al., 2015; Jayachandran et al., 2017; Singla et al., 2017) .
In light of the above, and with a view to understand the ACI and its linkage to the ISM, an experimental campaign was undertaken under the aegis of SWAAMI (South-West Asian Aerosol during June 2016, at two altitude levels (a) 975 hPa (near to the surface) and (b) 700 hPa (freetropospheric altitude), are shown in Figure 1 . Near-surface advection of marine airmass is seen over the peninsula and regions south of ~ 25N, while to the north of it and at higher levels, dry continental airmass is advected from the northwest. As per the India Meteorological Department are shown in Figure 2a . The instruments aboard and the local weather conditions are listed in Table   1 . As seen from the table, pre-monsoon showers occurred on two days at BBR and on one day at VNS. The campaign was executed just prior to onset of the ISM at each of the base station. The ISM started covering the IGP by around 19th of June 2016. During this period, being summer over the Indian region, the PBL would be quite deep as the thermal convections would be strong providing a thorough vertical mixing. Mean PBL heights at local noon time over the IGP regions, estimated from NCEP/NCAR global reanalysis product at 10 0.25° × 0.25° grid resolution data for the flight sortie days were found to be 1.4 ± 0.2 km, 2.3 ± 0.5 km, and 1.3 ± 0.5 km for BBR, VNS, and JDR, respectively (Vaishya et al., 2018) . Due to unpressurised mode of operation of the aircraft, the ceiling altitude of airborne measurements was ~ 4 km amsl. In all, 14 sorties were made, 5 from each base station, except from JDR where only 4 sorties were made. Each sortie was for a period of ~ 3.5 hours, during which, the measurements 15 were made at six altitude levels -~ 500, 1000, 1500, 2000, 2500, and 3000 m above the ground level (a.g.l.), following the 'staircase pattern' shown in Figure 2b (Babu et al., 2016) . Accordingly, after takeoff, the aircraft climbed to the first level (500 m a.g.l.), stabilized the attitude and flew at that level for ~ 30 minutes during which it covered a horizontal distance of ~ 150 km; before climbing up to the next higher level and retracing the path. This procedure was repeated until the highest level (ceiling altitude) was reached, after which the aircraft descended to the base. The 5 sorties were repeated on consecutive days, except that on each day the aircraft proceeded to a different radial direction from the base, as shown in Figure 2a , so that the five sorties together provided a gross picture of the aerosol properties around the base station within a radius of about 150 km. A typical sortie pattern (staircase) which represents all the sorties carried out during the experiment, and the photograph of NRSC aircraft.
Measurements
Ambient air was aspirated to the instruments using a solid diffuser inlet (University of Hawaii) 15 maintained at isokinetic flow conditions, as detailed in Babu et al., (2016) , with a volumetric flow rate of 70 LPM (litres per minute), for the average cruising speed of 300 km h -1 of the aircraft. The efficacy of the inlet to sample aerosols below 4 μm, under such conditions, has been demonstrated during the DC-8 Inlet Characterization Experiment (McNaughton et al., 2007) . Further details of the experimental setup are explained in Babu et al., (2016) and Vaishya et al., (2018) . The air, LPM, where it is exposed to desired supersaturations. Details of the principle of operation of the CCN counter are available elsewhere (Roberts and Nenes, 2005; Lance et al., 2006) . Aerosols, according to their composition and size, having a critical supersaturation less than the effective supersaturation inside the column, will spontaneously grow into a droplet as they exit the column.
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These droplets are counted with an optical counter using a laser of 650 nm wavelength. During each set of measurements, the supersaturation was varied through 0.2, 0.3, 0.4, 0.7, and 1.0% over a cycle of 30 minutes, and the cycle is repeated at each altitude level so that a complete CCN spectra (of CCN vs supersaturation) is available at every altitude level. In the present study, the CCN concentrations never exceeded 5000 cm -3 and hence the correction for water vapour depletion 20 (Lathem et al., 2011 ) is not applied. Pressure correction was done to the set supersaturation at each altitude layer depending upon the change in pressure between ambient and calibration pressure (Lance et al., 2009) . Data points during supersaturation transition are excluded due to the inherent ambiguity in the stability of the attained supersaturation. The measured CCN concentration has a maximum uncertainty of 10 % (Rose et al.,2008) . Aerosol absorption measurements at 7 different wavelengths (370, 470, 520, 590, 660, 880 , and 950 nm) were carried out using a dual spot Aethalometer (AE 33 model of Magee Scientific) et al., 2015) which works on the principle of filter-based optical attenuation technique (Hansen et al., 1984) . Filter loading artifact of the instrument is corrected in real time as explained
by Drinovec et al., (2015) . Absorption measurements were corrected for change in flow rate at high altitudes following Moorthy et al., (2004) . Optical attenuation at 880 nm is used to estimate the black carbon (BC) mass concentration using the specific absorption cross section value (7.77
. The Integrating Nephelometer (3563 model of TSI) measured the scattering coefficient (σsca) at 450, 550, and 700 nm wavelengths. Scattering measurements were corrected for nonlinearity in the angular truncation error following Anderson et al., (1998) .
For the CCN data analysis, initial five minutes of data at each altitude level were discarded considering the stability of the measurements and the data was averaged for every minute. Hence 20 a minimum of 20 minutes of usable data comprising 5 supersaturations is available for each altitude level. CN, spectral scattering, and spectral absorption measurements were also synchronized to the 1-minute averaged CCN data. Thus, for each region (East, west, and central IGP), 5 vertical profiles of CCN and CN concentrations, and scattering and absorption coefficients were obtained.
3.
Results and Discussions Irrespective of all these, the CCN concentrations remain high (1000 to >2000 cm -3 at 0.4% ss), 10 even at 3 km altitude, which is above the base of monsoon clouds ). This will have strong implications in cloud modification, as has been established elsewhere (Andreae et al., 2004; Rosenfeld et al., 2008) ; however, their influence on the monsoon rainfall over the study region has not yet been quantified. Based on the aircraft observations during the CAIPEEX, over Hyderabad (17.45° N, 78 .38° E) in southern India, Padmakumari et al., (2017) reported the In short, the CCN concentration at cloud forming heights, which is a key parameter in deciding 20 the cloud droplet number concentration, is quite abundant over the IGP; decreasing spatially from the eastern IGP to the western IGP especially above the PBL.
Altitudinal dependence of CCN -CN association
Aerosol number-size distribution and composition are known to show vertical variations (Zhang et al., 2011; Li et al., 2015) . Hence it is imperative to examine altitudinal dependency of CCN on Based on measurements at the mean sea level and at 1 km above ground level, Jayachandran et One of the striking features emerging from this study is the high CCN efficiency over the arid 10 region of Western IGP, which is reported for the first time. This region is known for its dust dominance (both locally generated and advected from the Middle East and Eastern Africa).
Though pure dust is water inactive, its CCN efficiency will enhance when coated or mixed with soluble salts like sulphates, nitrates etc. (Zhang et al., 2006; Kelly et al., 2007) . Though Feingold et al., (1999) have shown that coarse mode dust aerosols can act as giant CCN and initiate drizzle 15 formation, their number concentration is far less numerous, especially at high altitudes (Padmakumari et al., 2013) . Thus, the observations of moderately high CCN activation efficiency, lower values of k and higher concentration of CCN are interesting and need discussions. Figure 9 shows airmass back trajectories for five days and arriving at 500 m, 1500 m, and 3000 m a.m. be seen that the airmass reaching JDR (conducive for dust-advection) has significant history over the northwestern Arabian Sea, and hence would also carry significant moisture. It is known that presence of hygroscopic salt aerosols can catalyse the reaction of dust with acidic gases (Tobo et al,, 2010) , changing its hygroscopicity. Thus, the airmass reaching the desert region, having a strong marine component could enhance the activation efficiency of the aerosols. Strong rainfall, before -solid line and after -broken line, at east IGP -BBR.
The theoretical framework of wet scavenging process accounts for nucleation, gravitational and inertial impactions, and turbulence scavenging mechanisms (Pruppacher and Klett, 1997) . But uncertainties and difficulties still exist in attributing the observational evidences of wet scavenging 10 of aerosols to different scavenging mechanisms, especially in the case of moving air parcels.
Efficiency of below-cloud scavenging (wash out) mainly depends on the number size distribution of both aerosols and raindrops, while the in-cloud scavenging (rain out) depends mainly on the solubility of the aerosols (Garrette et al., 2006) . Studies (Andronache, 2003) , suggest that in-cloud scavenging is more effective in the removal of CCN, rather than below-cloud scavenging. The 15 decrease in CCN concentration over BBR after the rainfall, and the high CCN efficiency seen in the present study indicates the highly soluble nature of aerosol system prevailing over the region.
The modification in CCN efficiency over VNS and BBR underlines the role of type of airmass and rainfall in determining the vertical structure of CCN activation in a short duration. is the Angstrom exponent, estimated over the wavelength range 450, 550 and 700 nm by evolving 5 a least-squares fit to the relation
CCN and aerosol optical properties
The scatter plots of CCN concentration at 0.4% supersaturation against scattering AI are shown in The highest slope is observed at the least anthropogenically impacted / dust dominated Western
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IGP, while the least value is shown at the Central IGP, which has the highest concentration of absorbing aerosols. As AI is a product of scattering coefficient and scattering Angstrom exponent, it carried signatures of total particulate loading, and the size distribution.  High CCN activation efficiency, ~61% at 0.4% supersaturation, at ~1.5 km above the ground level is observed over the dust dominated western IGP.
 It is seen that while precipitation reduces the CCN activation efficiency below cloud level, advection of marine airmass enhances CCN efficiency, even over arid regions.
20
 An empirical relationship between the CCN activation and scattering properties of aerosols has emerged as an important step towards CCN prediction over the region.
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